Background--Carotid intima-media thickness (cIMT) is a noninvasive marker of cardiovascular risk. The cIMT may be increased in patients with harmonisation, but little is known regarding the functional form of the association between blood pressure (BP) and cIMT in hypertensive and nonhypertensive persons. We aimed to define the shape of the association between BP and cIMT.
C arotid intima-media thickness (cIMT) measured by ultrasound is a noninvasive, safe, inexpensive, reproducible, and well-validated surrogate marker of early atherosclerosis, vascular aging, and adaptive response to an increased hemodynamic load. [1] [2] [3] [4] Increased cIMT is independently associated with future cardiovascular events. [5] [6] [7] This relationship has promoted the use of cIMT in pathophysiological studies and clinical trials, as either a secondary end point or a surrogate marker of risk for cardiovascular events. 8 It has also been noted that cIMT increases in participants with a history of hypertension (a major risk factor for cardiovascular events), [9] [10] [11] [12] reflecting the vascular damage caused by this condition. Evidence is scarce, however, regarding the association between blood pressure (BP) and cIMT in both hypertensive and nonhypertensive persons. An association of higher BP with higher cIMT, even in nonhypertensive patients, would support identification of early vascular damage using cIMT prior to overt hypertension-an aspect of noteworthy clinical implications. To identify whether a BP cutoff for increased cIMT exists or if BP is linearly associated with increased cIMT, the functional form of the association between BP and cIMT needs to be evaluated. We intended to determine whether BP was linearly (or nonlinearly) associated with cIMT in participants with and without hypertension.
Methods

Study Population
The STANISLAS cohort is a single-center familial longitudinal cohort composed of 1006 families (4295 participants) from the Nancy region of France who were recruited during 1993-1995 at the Center for Preventive Medicine. This cohort was established with the primary objective of investigating genegene and gene-environment interactions in the field of cardiovascular diseases. The families were deemed healthy and free of declared acute and/or chronic illness so as to assess the effect of genetics on the variability of intermediate phenotypes on the transition toward pathology.
From 2011 to 2015 onward, 1218 survivors of the original cohort underwent their fourth examination at our department, as described previously. 13 For the present study, 696 adult participants (ie, persons with ≥18 years and cIMT measurements) were included ( Figure 1 ). The research protocol was approved by the local ethics committee in Nancy, France, and all study participants gave written informed consent to participate. The informed written consent was approved previously by the local ethics committee (ClinicalTrials.gov identifier NCT01391442).
Study Design
In this cross-sectional study, all participants were scheduled to attend the Centre d`Investigation Clinique Plurith ematique Pierre Drouin at Nancy Hospital Center at 8 AM after a 12-to 14-hour fast. Blood samples were taken to measure glucose and cholesterol.
Medical history, medications, anthropometric parameters (body mass index [BMI] was calculated from height and weight [in kg/m 2 ]), BP, pulse-wave velocity, and cIMT were also recorded.
Carotid Intima-Media Thickness
To measure the cIMT, a B-mode ultrasound examination of the right common carotid artery was performed by experienced sonographers. The investigations were performed in a controlled environment after 10 minutes rest in supine position. IMT was measured by an echo tracking system (Wall Track System; Pie Medical) on the right common carotid artery at 1 to 2 cm below the carotid bifurcation. The Wall Track System measures the parameters in 2 dimensions on 1 radiofrequency line perpendicular to the artery (7.5 MHz probe). The cIMT was assessed at the far wall. The retained value was the mean of 4 measurements. 3, 8, 14, 15 The interobserver agreement of IMT assessment was analyzed by intraclass correlation coefficients and was classified as excellent (intraclass correlation coefficient >0.75) for all operators (intraclass correlation coefficients 0.870-0.919). The mean absolute and relative difference compared with a senior operator was <5% for all operators.
Blood Pressure
Office BP was measured 3 times in all participants, at 1-minute intervals, using an electronic sphygmomanometer after the participant had rested for at least 10 minutes. Office BP was calculated as the mean of the 3 measurements. All participants underwent a 24-hour recording of ambulatory BP (ABP) using the Spacelabs 90207 ambulatory monitor (Spacelabs Medical). The monitoring cuff was placed around the participant's nondominant arm. The BP system was programmed to measure every 15 minutes from 6 AM to 10 PM and every 30 minutes from 10 PM to 6 AM. Self-reported sleep-wake times have been used to divide ABP monitoring data into daytime and nocturnal periods. The BP indices were calculated from 24-hour, daytime, and nighttime measurements. Furthermore, participants had to complete a diary describing their main daily activities (eg, eat, sleep) and were asked to avoid excessive exercise during the 24-hour recording. Central reading of the recordings was performed by a trained technician blinded from participant clinical features. Data were considered for further analysis if they met the following criteria: The recording lasted ≥24 hours, ≥70% of the expected number of readings were available, the data were not missing for >2 consecutive hourly intervals, and ≥2 valid measurements were obtained per hour. 16 Definition of hypertension history was based on assistant physician registries and/or ongoing treatment for hypertension. Participants without these criteria were considered to have no history of hypertension.
Statistical Methods
Proportions were compared using chi-square tests and were expressed as number (proportion as percentage). Continuous variables were expressed as meanAESD or median (interquartile range [IQR] ) and compared using a t test or Mann-Whitney tests, according to the normality of the variables.
We focused on the outcome of cIMT, either continuous or dichotomized with a cutoff of 900 lm, a value that has been defined as definitely abnormal. 17 Logistic (for dichotomous cIMT) and linear (for continuous cIMT) regressions were performed to assess the associations between the dependent variable (cIMT) and independent variables (BP, age, sex, total cholesterol, smoking status, glycemia, and BMI). To assess the detailed influence of BP in cIMT measurements, we performed 3 different models: 1 unadjusted for BP, 1 adjusted for 24-hour systolic BP (SBP), and 1 adjusted for 24-hour diastolic BP (DBP). Each model was further and progressively adjusted for age, sex, smoking status, total cholesterol, glycemia, and BMI.
We also wanted to determine whether a nonlinear link could be detected between BP and IMT (Table S1 ). Restricted cubic splines of BP variables were computed with a macro in SAS (SAS Institute) that consisted of transforming the independent variable 1 linear variable and kÀ2 cubic variables, in which k is the number of knots (at least 3, more often between 3 and 5 is sufficient). Three knots were used and fixed to the 10th, 50th, and 90th percentiles, according to Harrel's recommendation. 18 Testing the log-linear association between the exposure and the outcome consists of testing the nullity of the coefficient attributed to the cubic part (P<0.05 means that the coefficient is significantly different from zero, indicating non-log-linearity).
The interaction between BP and hypertension on cIMT was also assessed in crude logistic regression and linear regression models, that is, in models including only the terms BP and hypertension and an interaction term of BP times hypertension (Table S2 ).
P<0.05 was considered statistically significant. All analyses were performed using SAS version 9.3. Table 2 ). We adjusted for sex, age, and smoking status (model 1) plus total cholesterol and glycemia (model 2), retaining the described associations in the "crude model" (Table 2) ; however, when adjusting model 2 plus BMI (model 3), the association between having history of hypertension and increased cIMT (both categorical and continuous) was no longer significant (cIMT >900 lm: odds ratio 1.603 [95% CI 0.868-2.959], P=0.132; cIMT continuous: b=12.70 [95% CI À13.70 to 39.10], P=0.345) ( Table 2 ).
Results
Participants' Baseline Characteristics
Associations Between IMT and BP
Using spline-based analyses, we did not find evidence of a nonlinear association of BPs (SBP, DBP, or mean for 24 hours, daytime, nighttime, or office) with cIMT (Table S1 ). In addition, we found no significant evidence of a differential association of BP with cIMT in participants with and without hypertension (Table S2) .
We plotted the risk of having cIMT >900 lm according to history of hypertension in Figure 2 . In participants with history of hypertension, the risk of cIMT >900 lm gradually rose from <5% in participants with 24-hour SBP <110 mm Hg to >20% in participants with 24-hour SBP >140 mm Hg ( Figure 2 ). Likewise, in participants without history of hypertension, the risk of cIMT >900 lm gradually rose from <5% in participants with 24-hour SBP <110 mm Hg to almost 10% in participants with 24-hour SBP >130 mm Hg. Similar trends were observed for daytime and nighttime SBP (except for nighttime BP in participants without a history of hypertension, a biphasic pattern was observed, peaking at 115 mm Hg) ( Figure 2 ).
Given this absence of significant interaction, we studied the entire cohort in further statistical models. Participants with higher SBP (24 hours, diurnal, nocturnal, and office) were significantly more likely to have cIMT >900 lm. SBP was also significantly associated with cIMT (expressed as a linear continuous variable) in univariable linear regression. In contrast, DBP was not associated with cIMT values (Table 3) . After multivariable adjustment including age, sex, smoking status, total cholesterol, glycemia, BMI (model 3 in Table 3 ), and antihypertensive treatment (calcium channel blockers, angiotensin-converting enzyme inhibitors, angiotensin receptors blockers, and beta blockers) (Tables S3 and S4 ), these associations became weaker, although they were significant for continuous cIMT. In model 3, for example, each 5-mm Hg increase in 24-hour SBP was associated with a %7-lm increase in cIMT (IMT continuous: b=7.292 [95% CI 1.266-13.317], P=0.018), and each 5-mm Hg increase in daytime SBP was associated with a %8-lm increase in cIMT (IMT continuous: b=7.696 [95% CI 2.017-13.374], P=0.008) ( Table 3 ).
Discussion
We found that SBP is linearly and continuously associated with cIMT regardless of hypertension status. In our study, SBP had a linear association with cIMT throughout the SBP spectrum (even after adjustment for potential confounders, including antihypertensive treatment). We carefully searched Parametric tests were used for normally distributed variables; nonparametric tests were used for positively skewed variables (weight, BMI, glycemia, and IMT). BMI indicates body mass index; cIMT, carotid intima-media thickness; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density lipoproteins; HTN, hypertension; LDL, low-density lipoproteins; SBP, systolic blood pressure.
for evidence of nonlinear associations using the most appropriate statistical methods (ie, spline-based analysis).
To the best of our knowledge, we are the first to perform this precise functional form of analysis for the association of BP with cIMT. The absence of a natural cutoff for the association between BP and cIMT suggests a gradual and continuous increase in the risk of vascular damage with higher levels of BP (even in normotensive participants), as observed for hard end points in the field of hypertension. Moreover, our study is one of the largest population-based studies to assess the association between BP, assessed by 24-hour ABP monitoring, and cIMT. 19 
cIMT: A Marker of Vascular Damage
The accumulated evidence suggests that increased cIMT is associated with cardiovascular risk factors and adverse events. 6, [20] [21] [22] [23] Moreover, cIMT changes over time can be assessed to monitor prognosis and/or response to treatment (eg, antihypertensive therapy). 24, 25 Some studies suggest that cIMT can provide prognostic information above and beyond traditional risk factors. 17, 21, 26 More recently, the prognostic utility of cIMT beyond that of other well-known and validated risk factors has been questioned. 27 Nevertheless, this does not impair the value of cIMT as an early marker of atherosclerosis, arterial hypertrophy or hyperplasia induced by pressure overload, and age-related sclerosis. Consequently, cIMT represents an integrative measure of vascular damage rather than a marker of a particular isolated condition.
12,28
Because cIMT is a very sensitive tool that can identify mild vascular damage, we could identify as much as 6% of participants without hypertension (based on clinical records plus ABP measurement) with increased cIMT (>900 lm). In a way, this low threshold of detection enables us to study the link between BP values that are considered to be within the normal range and vascular damage.
Association of Hypertension and BP With cIMT
Increased SBP (regardless of the used method) is an important determinant of cIMT, presumably an augmentation of the intima-media complex. 29, 30 As our study confirmed, participants with history of hypertension and those who had hypertension detected on 24-hour ABP monitoring (but without a previous hypertension diagnosis) are likely to have higher cIMT values (Table S5 ). Why only SBP (and not DBP) was associated with increased cIMT deserves some comment. A previous study described SBP (and not DBP) as an independent predictor of increased cIMT. 12 Likewise, another study found that SBP (24 hours, daytime, and nighttime) was significantly correlated with cIMT, even after adjustment for age, sex, and smoking. In that study, DBP was again not associated with cIMT measurement. 31 These findings have also been reported in other studies [32] [33] [34] [35] and suggest that SBP may induce higher pressure overload and thus induce more arterial hypertrophy or hyperplasia than DBP. Moreover, some authors argued that SBP may be a more important risk factor for atherosclerosis and cardiovascular disease than DBP. 34, 35 We provided strong evidence for a continuum of vascular damage caused by higher BP, even in participants without a history of hypertension . In addition, the risk of cIMT >900 lm increased 2-fold from <110 mm Hg to >130 mm Hg for 24-hour SBP in both hypertensive and nonhypertensive participants (Figure 2) . In a way, our results highlight the detrimental effect of BP in a range currently considered to be normal. This paradigm of a gradual continual increase of risk with higher values of a variable is well known in other fields of medicine, for instance, gradually increasing risk of clinical events is observed with higher fasting glucose values, even outside of the range of diabetes definition. 36 This has also been described in the field of hypertension, with the risk of hard clinical end points gradually increasing with higher BP values above a certain cutoff. 37 This finding can explain, to some extent, the association of "prehypertension" with poorer outcome. 38, 39 Because the process is gradual, prehypertension is moderately associated with higher risk for events, possibly because of greater vascular damage, as highlighted by our results. In addition, our results are of interest in the interpretation of the recently published SPRINT trial. In the SPRINT trial, 4 an office SBP <120 mm Hg (intensive treatment) significantly reduced the primary composite outcome (of myocardial infarction, other acute coronary syndromes, stroke, heart failure, or death from 
Limitations
The main limitation of our study is its observational design, based on a cross-sectional evaluation; therefore, only associations between study variables could be detected, and causality could not be inferred. These associations are likely to be reproducible by other observers (we demonstrated excellent interobserver agreement). In addition, given our sample size, we could not adjust our analysis for every possible cardiovascular risk variable. Last, the conclusions of this analysis cannot be generalized to general hypertensive population, as they refer to a sample of hypertension subjects with good BP control on average.
Conclusions
SBP was linearly and continuously associated with higher cIMT in both hypertensive and nonhypertensive participants, suggesting a detrimental effect of BP on the vascular tree prior to overt hypertension. Similarly, it suggests a detrimental effect of BP at the higher end of the normal range in treated hypertensive patients.
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